The efficiency of the ruthenium-catalysed Alder-ene reaction of hydroxy alkenes depends heavily on the nature of the O-protecting groups employed as well as the length of the carbon spacer between the hydroxy and alkene group. Abstract: The efficiency of the ruthenium-catalysed Alder-ene reaction of hydroxy alkenes depends heavily on the nature of the O-protecting groups employed as well as the length of the carbon spacer between the hydroxy and alkene group.
The ruthenium catalyzed Alder-ene reaction is an atom efficient process that can provide trisubstituted alkenes in a highly stereodefined manner. 1 As part of a current project we required the synthesis of the differentially protected trisubstituted alkene 3 (n=1), via the ruthenium catalyzed Alder-ene reaction between the alkyne and alkene components 1 and 2, respectively (Scheme 1). In pursuit of this goal we found that the nature of the protecting groups P 1 and P 2 had a dramatic effect on the efficiency of this coupling process. We report here the results of this investigation and those of a study on related coupling partner, PMBO(CH 2 ) 4 CCTMS (4). 
Scheme 1
The results of the study of the ruthenium catalyzed Alder-ene reactions of 1 and 4 with alkenes 2 are shown in Table 1 .
Trimethylsilylalkynes 1 or 4 were stirred with excess alkene 2 (5 equiv) in the presence of catalytic (20-30 mol%) CpRu(MeCN) 3 PF 6 in dry acetone at room temperature. 2 In each case only one regio-and geometric isomer of the 1,4-diene product 3 was obtained. The new C-C bond is formed distal to the trimethylsilyl group and the new double bond formed is of (E) geometry.
The efficiency of the Alder-ene reaction appears to depend heavily on the nature of the protecting group P 2 and the length of the carbon-carbon chain of 2.
Initial studies focused on the coupling of silylalkynes 1 and 4 bearing a PMB protecting group. Whilst homoallylic alcohol gave no reaction and just returned starting materials, the TBDPS ether gave the desired 1,4-dienes in moderate yields (entries 1-4).
When the protecting groups P 1 and P 2 were reversed the reaction was very sluggish (entry 6). Further investigation into the compatibility of the protecting groups P 1 and P 2 was undertaken in order to develop an efficient synthesis of 3. These studies uncovered a number of interesting trends.
The ene-yne coupling proceeds most efficiently when protecting group P 2 is of an electron-withdrawing nature, for example an acetate or p-nitrobenzyl (PNB) (entries 7, 9, 11, 14 and 16). The 1,4 diene is formed in excellent yield regardless of the carbon-carbon chain length of the alkene 2. The use of 3-buten-1-ol or its O-methyl ether derivative had a detrimental effect on the course of the reaction, and only starting materials were recovered (entries 1, 3, 5 and 8) . Intriguingly, the homologues, 4-penten-1-ol and 5-hexen-1-ol proved excellent substrates affording the 1,4-hepatadien-7-ol and 1,4-octadien-8-ol products in excellent yields (entries 10 and 15). A strong electronic effect was observed with alkenes bearing substituted benzyl ethers. The electron rich PMB ethers were poor substrates, affording less than 20% yield of 3, regardless of the carbon-carbon chain length (entries 6, 12 and 17). In these reactions the low yields were due to incomplete reaction of 1 and 2. 1-Benzyloxy-3-butene affords a moderate yield (entry 13), whilst the electron deficient PNB ethers of 3-buten-1-ol and 4-penten-1-ol couple efficiently (entries 9 and 14).
The established mechanism 1b,c for the Ru-catalysed Alder-ene reaction involves oxidative addition of the coordinated alkene and alkyne to form ruthenocyclopentenes of the type 5 (step A, Scheme 2), which undergo -hydrogen elimination and reductive elimination to give the 1,4-diene products (steps B and C). In the case of the Alder-ene reaction of 3-buten-1-ol and its O-methyl derivative, there is the possibility of coordination of the oxygen to the ruthenium, generating a pseudocycle (see 6). This remote binding would force the dihedral angles between C-Ru and C-H a to be >90, and geometrically preclude syn--hydrogen elimination of protons H a . 3, 4 Intermediate 6 is consistent with our observations, given that extension of the carbon spacer may reduce internal coordination or allow efficient -hydrogen elimination to occur because of the larger ring size (entries 10 and 15).
The well-documented affinity of the cationic CpRu + moiety for arene rings 6 may explain the substituent effects observed in the Alder-ene reaction of benzyl protected alkenols. We postulated that in the course of the reaction PMB-bearing substrates and/or products may be forming sandwich complexes of the type [CpRu( 6 -arene)] + and thus inhibiting the reaction. 7 To investigate this possibility a d 6 -acetone solution of CpRu(MeCN) 3 PF 6 was treated with an excess of 1-(4-methoxybenzyloxy)-3-butene and mixed at room temperature for 30 minutes. The 1 H NMR spectrum of the solution showed a new multiplet at 6.32-6.53 ppm, consistent with Ru-complexed aromatic H peaks, 8 while the Cp peak had shifted upfield slightly to 5.48 ppm, thus supporting the formation of [CpRu( 6 -arene)]PF 6 complex 7. A reduction in the concentration of the PMB group in the reaction mixture should reduce the quenching of the catalyst. Indeed, the Alderene reaction of alkyne 1 (P 1 =TBDPS) with alkene 2 (n1 and P 2 =PMB) is more efficient when a 1:1 molar ratio of reagents is used, rather than a large excess of alkene, resulting in a 38% conversion to the 1,4 diene (c.f. entry 6).
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Figure 1
In conclusion, we have demonstrated that the efficiency of the ruthenium-catalysed Alder-ene reaction of 3-buten-1-ol derivatives with silylalkynes depends heavily on the protecting groups employed. • Full mailing address, telephone and fax numbers, and email address of the corresponding author.
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